Introduction
Recently, visible light communication (VLC) systems have attracted much attention due to their distinctive advantages such as license-free spectrum, secure indoor transmission, harmlessness to human bodies, and high signal-to-noise ratio (SNR) [1] . Compared with traditional wireless communication [2] , the VLC system using GaN-based micro-light-emitting diodes (LEDs) is regarded as a promising candidate for future indoor networks, due to its high safety, good security, anti-electromagnetic interference, and unlicensed bandwidth. The VLC system based on LEDs is cost-effective and easy to be handled, but the modulation bandwidth of LEDs is limited. Therefore, to achieve higher modulation bandwidth and better performance, laser diodes and VCSELs are considered as the light source [3] , [4] . Recently, a visible laser light communication (VLLC) system is paid more attention and it is considered to have a high-speed application prospect in indoor networks and data center [5] - [8] .
In VLLC systems, orthogonal frequency-division multiplexing (OFDM) has been extensively used as it can improve the spectral efficiency (SE) of the signal efficiently [9] . Moreover, by using OFDM in VLLC system, adaptive modulation schemes can be used to improve the SE further, and to obtain high data rate signal transmission in the systems [10] , [11] . Meanwhile, the SE can be further improved by using OFDM with high-order QAM modulation formats [12] . However, OFDM signals have a problem with high peak-to-average power ratio (PAPR) [13] . The DFT-spread can be applied to simultaneously resist high-frequency power attenuation and reduce the PAPR of OFDM signal [14] - [17] . Most recently, IFFT/FFT size efficient technique is proposed to reduce the computational complexity, power consumption and occupied chip area. Hermitian symmetry (HS) is necessary for the conventional DD-OFDM system, while it is unnecessary in the IFFT/FFT size efficient OFDM system. Meanwhile, with the same number of the data-carrying subcarriers, the IFFT/FFT size efficient OFDM only needs to adopt an IFFT with a half size of the required IFFT in conventional DD-OFDM system. However, in IFFT/FFT size efficient OFDM system, the data after IFFT is in a complex field. Hence, the transmitter should juxtapose the real part and the imaginary part of the data and then use a time division method to transmit them. Therefore, the transmitter needs more buffers for these data [18] . IFFT/FFT size efficient and DFT-spread enabled OFDM signal can also achieve a PAPR reduction. Additionally, the SNRs on OFDM subcarriers with uniform distribution can be realized, and then, it can effectively resist the influence of clock noise and highfrequency power attenuation of the OFDM signal [19] . Usually, the SNR of the lower-frequency channel is better than the higher-frequency channel, The adaptive modulation scheme is proposed to enhance the transmission performance over fiber communication system [10] , [11] . However, the performance of the adaptive modulation scheme, in combination with the IFFT/FFT size efficient method and DFT-spread OFDM, has never been studied in communication systems, and it is worth it to be proved in the VLLC system.
In this paper, IFFT/FFT size efficient OFDM with the joint of DFT-spread and adaptive modulation is proposed and experimentally demonstrated in VLLC system based on blue laser. The bit error rate (BER) of the proposed OFDM signal with a net bit rate of 4.96 Gb/s after 5-m free space transmission is under the 20% soft-decision forward-error-correction (SD-FEC) threshold of 2.4 × 10 −2 . In the proposed VLLC system, intra-symbol frequency-domain averaging (ISFA) is utilized to suppress the amplified spontaneous emission (ASE) noise from EDFA and the thermal noise from the photo-diode (PD) during channel estimation with training sequence (TS). DFT-spread is adopted to reduce the PAPR induced nonlinear impairments. Meanwhile, adaptive bit loading is used to maximize the transmission capacity of the proposed VLLC system. Fig. 1 shows the adaptive IFFT/FFT size efficient DFT-spread OFDM transmitter, which is a combination of DFT-spread-OFDM, adaptive technique, and IFFT/FFT size-efficient method [5] . At first, different mapping schemes are applied for various subcarriers according to the estimated SNRs on each subcarrier. After that, the subcarriers with the same mapping scheme are injected into a DFT block to realize DFT-spread operation. The output data from DFT modules is assigned to different sub-channels of an IFFT module to realize OFDM modulation. In our experiment, both the FFT size for DFT-spread operation and IFFT size for OFDM modulation are 1024. The adaptive modulation and subcarrier allocation strategies are denoted as in Table 1 .
System Model

Experimental Setup
The experimental setup and the photo of the proposed VLLC system are shown in Fig. 2 . As shown in Fig. 2(a) , at the transmitter, the OFDM signal is generated by offline DSP in MATLAB. The offline DSP process is as follows: First, a data stream consisting of a pseudo-random binary sequence (PRBS) is generated. After adaptive bit loading finished according to Table 2 , the complexed-valued 128/64-QAM symbols are fed into independent FFT modules. Second, the DFT-spread data are transferred to the time domain by using IFFT operations. A cyclic prefix (CP) is further inserted to resist the inter-symbol-interference (ISI) in the free-space transmission link. The digital clipping, at a clipping ratio of 13.2 dB, is used to reduce the PAPR of the OFDM signal. Third, a training sequence is added at the beginning of every OFDM frame. Here, an OFDM frame consists of a training sequence and 20 OFDM symbols. Finally, the complex-valued OFDM data is divided into the real and the imaginary components and then juxtaposed in the time-domain to obtain a real OFDM signal. Then, as shown in Fig. 2(b) , the OFDM signal is loaded into an arbitrary waveform generator (AWG, Tektronix 7122C), with a 10-bit resolution, worked at a sampling rate of 2.5-Gs/s and a peakto-peak voltage of 1 V. And the signal is amplified by an electrical amplifier (EA) and attenuated by an electrical variable attenuator (VEA). Subsequently, the signal is used to drive the 450-nm blue LD directly to realize electric-to-optical conversion. After 5 m free-space transmission, an avalanche photodiode (APD) is integrated with a trans-conductance amplifier, which is used to receive the optical signal and achieve optical-to-electric conversion.
Finally, the electrical signal from the APD is captured by a digital storage oscilloscope (DSO, Tektronix TDS6804B) and analyzed by the off-line MATLAB program.
At the receiver, as shown in Fig. 2(a) , the offline DSP includes symbol synchronization, recombination, CP removal, N-point FFT, ISFA-enhanced channel estimation, channel equalization, IFFT, adaptive 128QAM/64QAM de-mapping, and BER calculation. DFT-spread, the IFFT/FFT size efficient adaptive OFDM signal also has a similar BER performance with the conventional adaptive OFDM signal, and the BER of the OFDM signal with DFT-spread is better than the BER performance of the OFDM signal without DFT-spread. When the input signal peak-to-peak values with a range of 1.1 to 2.0 V are set for 450 nm blue LD, different BERs are obtained. The BER results are shown in Fig. 5 . It indicates that the optimal peak-to-peak voltage of each OFDM signal is 1.55 V, and the adaptive OFDM can achieve a BER of less than 2.4 × 10 −2 , which is below the BER threshold of the 20% overhead soft-decision forward error correction threshold (SD-FEC).
Results and Discussions
Compared with the real optical OFDM system, the IFFT/FFT size efficient OFDM system has the same BER and PAPR performances. However, in the real application, with the same number of data-carrying subcarriers, the IFFT/FFT size efficient OFDM can be used for computational complexity reduction. The performance in different IFFT/FFT size efficient OFDM systems is listed in Table 2 .
When the bias voltage of the LD is set at 4.75 V, and the peak-to-peak value is changed to 1.55 V, the BER of the adaptive IFFT/FFT size efficient DFT-spread 128/64QAM-OFDM signal is 6.8 × 10 −3 , and the corresponding constellation diagrams are shown in Fig. 6 . If we use the IFFT/FFT size efficient DFT-spread 128QAM-OFDM signal, the BER is 2.05 × 10 −2 . The corresponding subcarrier allocation strategies are denoted as in Table 3 , and the measured constellation map are shown in Fig. 7 . Both the BER and the constellations show that the adaptive method has a better performance. Recently, VLLC systems with high transmission speed have been demonstrated by some researches. However, most of these researches adopt Wavelength-division multiplexing (WDM) and Multiple-Input Multiple-Output (MIMO) schemes to improve the data rate. Our work focuses on improving spectral efficiency by high QAM modulation formats to increase the transmission rate. As shown in the experimental results, although the used bandwidth is only about 1 GHz, a data rate up to 5.95 Gb/s has been achieved.
Conclusion
In this paper, we proposed an IFFT/FFT size efficient adaptive DFT-spread-OFDM VLLC system based on a 450 nm blue LD. This method was applied to improve the bit rate performance in VLLC system. After compared with the 64QAM DFT-spread-OFDM, the experimental results showed that the adaptive scheme could achieve an increase in the raw bit rate from 5.46 Gbit/s to 5.95 Gbit/s. In addition, the proposed adaptive scheme could achieve an increase in the BER performance from 2.05 × 10 −2 to 6.8 × 10 −3 compared with the 128QAM DFT-spread-OFDM.
